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Introduction
Fabry disease (OMIM #301500) is an X-linked lysosomal storage disease caused by a deficiency of the lysosomal hydrolase, α-galactosidase A (α-Gal A, encoded by the GLA gene). Deficient α-Gal A activity results in aberrant accumulation of glycosphingolipids (GSLs), including globotriaosylceramide (Gb3) and its metabolite, globotriaosylsphingosine (lyso-Gb3) ( Figure 1 ). The abnormal buildup of GSLs leads to cellular dysfunction that progresses to multisystem organ pathophysiology by incompletely understood mechanisms. Common complications of Fabry disease include corneal and lenticular opacities, dermatological abnormalities (e.g., anhidrosis, angiokeratomas), renal insufficiency, gastrointestinal distress, cardiac malfunction, and cerebrovascular disease (reviewed in refs. 1, 2). These complications lead to a decreased life expectancy, where median survivals of affected male and female patients are 57 and 72 years, respectively (3) . One of the most problematic symptoms is episodic and chronic pain that starts in childhood. Fabry patients experience both whole body diffuse pain and distal extremity-focused pain in the hands and feet. The pain can be spontaneous or elicited by skin touch, and patients often have pain crisis attacks triggered by physical exercise, heat exposure, or fever (4) . These daily symptoms lead to a substantially compromised quality of life. Pain treatments, such as antiepileptics and opioids, have significant side effects including addiction and do not completely ameliorate the pain experienced by patients. Therefore, novel and targeted pain treatments are greatly needed.
Mouse models of Fabry disease have been developed, but they do not exhibit all of the typical symptoms seen in patients (5) (6) (7) , and behavioral studies to assess pain show conflicting results (8) (9) (10) . Given that there are no other animal models of Fabry disease, we asked if α-Gal A deficiency in a larger species would result in a phenotype that better recapitulates the neuropathic pain symptoms experienced by patients. We chose the rat to generate an animal model of Fabry disease. Compared with mice, rat neural circuitry pathways have been well characterized, behavior is less variable, and monitoring and manipulation of numerous physiological processes is easier due to their ~10-fold larger size. All of these attributes in rats are especially advantageous when assessing pain phenotypes and studying the mechanistic basis of pain development. Together with toxicology studies that are well established in rats, we predicted that a Fabry Fabry disease, the most common lysosomal storage disease, affects multiple organs and results in a shortened life span. This disease is caused by a deficiency of the lysosomal enzyme α-galactosidase A, which leads to glycosphingolipid accumulation in many cell types. Neuropathic pain is an early and severely debilitating symptom in patients with Fabry disease, but the cellular and molecular mechanisms that cause the pain are unknown. We generated a rat model of Fabry disease, the first nonmouse model to our knowledge. Fabry rats had substantial serum and tissue accumulation of α-galactosyl glycosphingolipids and had pronounced mechanical pain behavior. Additionally, Fabry rat dorsal root ganglia displayed global N-glycan alterations, sensory neurons were laden with inclusions, and sensory neuron somata exhibited prominent sensitization to mechanical force. We found that the cation channel transient receptor potential ankyrin 1 (TRPA1) is sensitized in Fabry rat sensory neurons and that TRPA1 antagonism reversed the behavioral mechanical sensitization. This study points toward TRPA1 as a potentially novel target to treat the pain experienced by patients with Fabry disease.
rat would be a useful new tool in preclinical studies to assess novel treatments, optimize existing therapies, and identify the mechanisms that drive neuropathic pain in Fabry disease and other diseases.
Using CRISPR/Cas9 technology, we generated a Gla-KO rat, the first nonmouse model of Fabry disease to our knowledge. The Fabry rat, which is completely deficient in α-Gal A activity, accumulates the established GSL biomarkers, Gb3 and lyso-Gb3, and develops mechanical pain behavior. We observed N-glycan alterations in dorsal root ganglia (DRG) and show that primary sensory neuron somata from Fabry rats are sensitized to mechanical probing. We found that the cation channel transient receptor potential ankyrin 1 (TRPA1) is sensitized in Fabry rat sensory neurons and that the TRPA1 antagonist HC-030031 reverses the mechanical pain behavior in Fabry rats. Therefore, we show that this Fabry rat model allows for the elucidation of disease mechanisms and testing therapies to treat pain symptoms in Fabry disease and may aid in the identification of new therapies for other neuropathic pain syndromes.
Results
Fabry rat model generation and confirmation of α-Gal A deficiency. A Fabry rat model was generated on the Dark Agouti (DA) strain. CRISPR/Cas9 technology was used to disrupt exon 2 of the Gla gene, which encodes α-Gal A (Figure 2A) . A single male founder was identified, and this mosaic rat had both a 4-bp deletion and a 47-bp deletion in the Gla gene. However, only the 47-bp deletion was transmitted through the germ line. The 47-bp deletion leads to a frameshift, resulting in 13 new amino acids followed by a premature stop codon ( Figure 2A ). Because this 100-residue truncated protein product does not contain conserved aspartic acid residues essential for catalysis (11) , it was predicted to be nonfunctional.
To confirm this prediction, α-Gal A activity was assayed in serum and liver homogenates. Unlike WT rats, which have normal α-Gal A activity levels, α-Gal A activity was undetectable in KO male and female serum and liver ( Figure 2B ). α-Gal A activity was detectable in serum and liver of heterozygous (HET) females, but the enzymatic activity was significantly reduced compared with WT females ( Figure 2B ). As controls, we assayed the activities of 2 other lysosomal glycosidases. Both β-hexosaminidase ( Figure 2C ) Figure 1 . Biosynthesis and degradation of globoside glycosphingolipids (GSLs). GSLs are synthesized (solid arrows) by the sequential addition of monosaccharides to ceramide. Globotriaosylceramide synthase (Gb3S) catalyzes the addition of α-1,4-galactose to lactosylceramide (LacCer), which produces globotriaosylceramide (Gb3). Isoglobotriaosylceramide synthase (iGb3S) can add additional α-1,3-galactose residues to Gb3, forming polygalactosylated species (Gal n -Gb3). GSL degradation (dashed arrows) occurs in lysosomes by acid hydrolases. β-Hexosaminidase (β-Hex) removes terminal N-acetylgalactosamine (GalNAc) from globotetraosylceramide (Gb4). Acid ceramidase (AC) removes the fatty acid chain from Gb3 to form globotriaosylsphingosine (lyso-Gb3). α-Galactosidase A (α-Gal A, red) removes terminal α-galactose residues from GSLs. In Fabry disease, α-Gal A is deficient, and substrates containing terminal α-galactose (e.g., Gb3, lyso-Gb3, galabiosylceramide [Gal 2 Cer], blood group B GSLs) accumulate. Globoside GSLs are shown in the shaded gray box. GSLs whose abundance increases in Fabry rats are contained within the red boxes. Graphical representations of monosaccharide residues are shown in the boxed legend and are consistent with the symbol nomenclature for glycans. GalCer, galactosylceramide; GlcCer, glucosylceramide; GlcNAc, N-acetylglucosamine. and α-mannosidase ( Figure 2D ) -which are involved in GSL and N-glycan metabolism, respectivelyare expressed in KO rats. The activity of liver β-hexosaminidase ( Figure 2C ) and α-mannosidase ( Figure  2D ) did not differ between WT and KO rats, whereas serum β-hexosaminidase was slightly elevated in KO animals ( Figure 2C ). Thus, the Gla-KO rats are completely deficient in α-Gal A activity, while the activity levels of 2 other lysosomal enzymes remain stable.
Fabry rats accumulate α-galactosyl glycosphingolipids in serum and RBC. Patients with Fabry disease accumulate GSLs containing terminal α-galactose residues in serum and tissues. These α-galactosyl GSLs include Gb3, lyso-Gb3, galabiosylceramide, and blood group B GSLs (Figure 1 , red boxes). As α-Gal A activity was shown to be undetectable in Gla-KO rats ( Figure 2B ), we next determined whether these rats accumulated the α-Gal A substrates, α-galactosyl GSLs, using nanospray ionization-mass spectrometry (NSI-MS). Gb3 was significantly elevated in KO serum compared with WT serum by 100-fold ( Figure 3A ). Lyso-Gb3 and blood group B were detected in KO serum at 151 ± 6 nM and 131 ± 15 nM, respectively (mean ± SEM); however, these GSL species were undetectable in WT serum ( Figure 3A) . The rat Gla gene encodes α-galactosidase A (α-Gal A), and consists of 7 exons (light blue rectangles). The genomic locations of highly conserved, catalytic residues (Asp172 and Asp233) are identified by the black triangles. A portion of the nucleotide sequence of exon 2 is shown with the CRISPR target highlighted, along with the Cas9 cleavage site. The protospacer adjacent motif (PAM) site is also identified. Translations of the WT (black) and the KO (-47 bp deletion, red) sequences are also shown with the premature stop codon (#). (B-D) Lysosomal enzymes were assayed in rat serum and liver using 4-methylumbelliferyl (4-MU) substrates for α-Gal A (B), β-hexosaminidase (C), and α-mannosidase (D). Enzyme activity was measured in male (unshaded) and female (shaded) 13-week-old rat tissues, and each symbol represents a biological replicate, each containing 3 technical replicates. Serum biological replicates include n = 8 for each genotype and sex. Liver biological replicates include n = 7 for WT males, KO males, WT females, and heterozygous (HET) females and n = 4 for KO females. The horizontal dashed line in B indicates the threshold of detection. Shown are mean ± SEM. Male means were compared using an unpaired, 2-tailed t test. Female means were compared using 1-way ANOVA and Dunnett's multiple comparison test. ****P < 0.0001.
Comparing WT and KO rat serum, there were no significant differences in the levels of globotetraosylceramide (Gb4) or monosialoganglioside GM3, which are GSLs that do not contain terminal α-galactose, thus serving as controls ( Figure 3A ). These data demonstrate that the serum GSL accumulation pattern in the Fabry rat is similar to what is seen in patients.
Next, we looked at whether these biomarkers are also increased in RBC because globo-series GSLs are highly abundant in this cell type. In RBC, ceramide dihexoside (composed of lactosylceramide and galabiosylceramide, which are isotopic GSLs; Figure 1 ) and Gb3 were significantly elevated in KO compared with WT at 2.5-and 32-fold, respectively ( Figure 3B ). Although not statistically significant (P = 0.08), a trend toward increased blood group B levels was observed in KO RBC compared with WT ( Figure 3B ). GSLs -including lyso-Gb3, lyso-Gb3 with a galactose extension, and Gb3 with a galactose extension -were detected in KO, but not WT, RBC ( Figure 3B , blue boxes). There were no significant differences in GSL species that do not contain terminal α-galactose, such as ceramide monohexoside, Gb4, or gangliosides, measured in WT and KO RBC ( Figure 3B ). In summary, analysis of serum and RBC GSL profiles demonstrate that Gla-KO rats accumulate the established biomarkers, Gb3, lyso-Gb3, along with blood group B, as do patients with Fabry disease.
Fabry rat DRG accumulate Gb3 species. Neuropathic pain is usually the first symptom experienced by patients with Fabry disease. As pain can be centrally or peripherally mediated, we analyzed the GSLs in both Fabry rat brain and DRG. There was no appreciable difference in the brain GSL profile from WT and KO males as evaluated by TLC ( Figure 4A ). NSI-MS analysis detected no differences in brain Gb3, but lyso-Gb3 was elevated 26-fold in KO compared with WT brain ( Figure 4B ). No differences were detected in all other brain GSLs that do not contain terminal α-galactose, including ceramide monohexoside, sulfatide, and ganglioside species ( Figure 4B ). TLC analysis of GSLs extracted from lumbar DRG showed an intense doublet that comigrated with the Gb3 standard in the KO male and HET and KO female samples ( Figure 4C ). Polygalactosylated Gb3 species in HET and KO DRG were also seen as slower migrating signals compared with Gb3 ( Figure 4C ). By NSI-MS, lyso-Gb3, Gb3, and Gb3 with a galactose extension were all found to be significantly elevated in KO DRG, at 50-, 130-, and 25-fold, respectively ( Figure 4D ). Digestion with linkage-specific α-galactosidase confirmed that the polygalactosylated Gb3 species contained terminal α-linked galactose residues (Supplemental Figure 1; supplemental Figure 3 . Glycosphingolipids (GSLs) in Fabry rat serum and RBCs. GSLs were extracted from serum (A) and RBC (B) from 13-week-old male rats (n = 3 WT, n = 3 KO). Following purification and permethylation, GSLs were analyzed and quantified by nanospray ionization-mass spectrometry. Note the log scale on the y axis in B. Shown are mean ± SEM, and means were compared using unpaired, 2-tailed t tests to determine genotype differences in GSLs. If GSL means in KO rats were statistically elevated above WT means, the fold increase is shown above in red. GSLs detected in KO, but not WT, serum and RBCs are highlighted with light blue boxes. Lyso-Gb3, globotriaosylsphingosine; Gb3, globotriaosylceramide; Gb4, globotetraosylceramide; GM3, monosialoganglioside GM3; CMH, ceramide monohexoside; CDH, ceramide dihexoside; Gal, galactose; GT1, trisialoganglioside GT1; GD1, disialoganglioside GD1; GM1, monosialoganglioside GM1.*P < 0.05, ***P < 0.001. material available online with this article; https://doi.org/10.1172/jci.insight.99171DS1). The linkage position of these terminal galactose residues was confirmed to be α1-3 by detecting instructive cross-ring cleavage fragments in MS with multidimensional fragmentation (MS n ) spectra (Supplemental Figure 2 ) (12). In addition, lyso-Gb3 with a galactose extension, Gb3 with 2 galactose extensions, and Gb3 with 3 galactose extensions were detected in KO, but not WT, DRG ( Figure 4D , blue boxes). To summarize, KO brain only shows significant elevation of lyso-Gb3, but KO DRG show significantly elevated Gb3, lysoGb3, and polygalactosylated Gb3 species.
Significant N-glycan changes are observed in Fabry rat DRG. To further investigate molecular changes in Fabry DRG, we assessed protein N-glycosylation in KO and WT DRG by NSI-MS n . In KO and WT DRG, we identified unique hybrid glycans carrying both sulfate and sialic acid whose abundances were decreased in the KO compared with WT, as were the abundances of other hybrid and complex N-glycans ( Figure 5 , Supplemental Figure 3 , and Supplemental Table 1 ). For the high mannose (Man) type glycans whose masses are well resolved from other glycans in full MS analysis (Man6, Man7, Man8, and Man9, highlighted as magenta peaks in Figure 5 ), little change in abundance was observed between WT and KO DRG ( Figure 5 ). The GSLs from the 3 WT and 3 KO male brains in A were quantified by nanospray ionization-mass spectrometry (NSI-MS) (note the log scale on the y axis). (C) GSLs were extracted from 13-week-old dorsal root ganglia (DRG) and were analyzed by TLC using a solvent system of chloroform/methanol/water (60:35:8, v/v/v). (D) NSI-MS was used to quantify GSLs from WT and KO DRG (note the log scale on the y axis). WT DRG quantification consists of 2 WT males and 1 WT female, and KO DRG quantification consists of 2 KO males and 1 KO female. Gb3 species are outlined with the red box in A and C. In B and D, mean ± SEM are shown and GSL means from WT and KO samples are compared using unpaired, 2-tailed t tests. If a significant difference in mean is detected, the fold increase in KO GSL is shown above in red. GSL species detected in KO, but not WT, DRG are highlighted with light blue boxes. CMH, ceramide monohexoside; CDH, ceramide dihexoside; Gb3, globotriaosylceramide; Gb4, globotetraosylceramide; lyso-Gb3, globotriaosylsphingosine; GQ1, tetrasialoganglioside GQ1; GT1, trisialoganglioside GT1; GD1, disialoganglioside GD1; GD3, disialoganglioside GD3; GM1, monosialoganglioside GM1; GM2, monosialoganglioside GM2; GM3, monosialoganglioside GM3; Gal, galactose; HET, heterozygous. *P < 0.05, **P < 0.01. striking decrease in processed N-glycans (hybrid and complex) without a concomitant decrease in high Man glycan abundance indicates that the impact of Fabry disease on protein glycosylation is primarily at the level of Golgi processing, not on core glycosylation in the endoplasmic reticulum. The structures of the unique sulfo, sialylated N-glycans were confirmed by MS n analysis (Supplemental Figure 4 ) (12) . Because N-glycans were not found to differ in brain or serum (Supplemental Figures 5 and 6 , respectively), N-glycan aberrations may be unique to Fabry rat DRG. The altered DRG N-glycan profile indicates that, in addition to GSL storage, glycoprotein glycosylation changes may also contribute to the pathogenesis of pain in Fabry disease.
Fabry rat sensory neuron cell bodies are swollen with inclusion bodies. The pronounced GSL accumulation in Fabry rat DRG prompted us to next microscopically examine DRG sensory neurons. Lumbar DRG sections were stained with isolectin B4 (IB4), which binds to glycoconjugates containing terminal α-galactose (13, 14) . KO DRG sensory neurons had increased IB4 staining intensity compared with WT ( Figure 6 , A and B). The staining appeared punctate in WT neurons compared with a more diffuse pattern apparent in KO neurons ( Figure 6B ). The staining intensity and neuron soma size also increased in aged KO (90 weeks) . N-glycans were prepared from DRG obtained from males at 13 weeks of age. Full mass spectra from WT (top) and KO (bottom) are shown. Peaks colored magenta report the abundance of the annotated high-mannose glycans. Structural assignments for complex and hybrid N-glycans are based on collision-induced dissociation fragmentation performed in nanospray ionization-tandem mass spectrometry analyses of the released, permethylated glycans. The maltotetraose (Dp4) peak corresponds to a standard permethylated glycan that was added to both samples to give the same final concentration, providing a reference for comparing glycan quantities. The sulfated, disialylated hybrid structure, detected at m/z 1416 (m+Na) 2+ and 952 (m+Na) 3+ is one of the glycans that exhibits a striking decrease in Fabry rat DRG (Structure 19 in Supplemental Table 1 . IB4 was also applied to the DRG sections in the presence of 500 mM galactose to demonstrate lectin specificity, and no staining was observed ( Figure 6A , insets). Note that IB4 staining was used to demonstrate sensory neuron α-galactosyl GSL accumulation rather than to classify neurons based on IB4 staining. Classifying neurons as IB4-positive or -negative is confounded in Fabry disease models, given the accumulation of α-galactosyl GSLs, which are ligands for IB4. Nevertheless, the IB4 staining provides striking visual evidence of the neuronal GSL storage in Fabry rats.
In order to quantitatively assess soma size, we cultured DRG neurons from Fabry rats at ~20 weeks of age. Compared with WT, we found that cultured KO neurons appeared duller and the cytoplasm appeared more granular in brightfield view ( Figure 6C ). Corroborating the apparent somata enlargement in DRG sections ( Figure 6B ), we found that cultured KO neurons had significantly larger soma diameters than WT ( Figure 6D ). Consistent with the DRG TLC and MS analyses ( Figure 4 , C and D), the IB4 staining and cultured neuron diameter measurements demonstrate that KO rat sensory neurons accumulate α-galactosyl glycoconjugates to a much greater degree than WT neurons, which likely causes swelling of the soma membrane.
Toluidine blue staining of lumbar DRG revealed massive amounts of intensely stained inclusions in KO sensory neuron somata ( Figure 7A ). The inclusions were more highly prevalent in somata with smaller diameters; many small-diameter somata have C-fiber axons and are nociceptors. In contrast to KO sensory neurons, the cytoplasm of WT sensory neurons appeared homogeneous, and the somata were spared from the presence of inclusion bodies. The DRG inclusions were further evaluated by electron microscopy ( Figure  7B ). Few electron dense structures were detected in WT sensory neuron somata; however, numerous electron dense inclusions were present in KO sensory neurons. These inclusions occupied most of the sensory neuron cytoplasm with complete sparing of the nuclei. When the electron dense inclusions in KO sensory neurons were examined at a higher magnification ( Figure 7C ), various inclusion morphologies were appreciated. Some inclusions were heterogeneous and vacuolated or were filled with material assuming crystalline-like structures. Other inclusions assumed a lamellar morphology (zebra bodies). This finding is characteristic of GSL storage within lysosomes and is classically seen in Fabry patient DRG somata (15) . Taken together, these data demonstrate that Fabry rat DRG sensory neurons are inclusion laden, with smaller diameter sensory neurons most prominently affected. These findings are consistent with a small fiber neuropathy, which is experienced by patients with Fabry disease (16) .
Fabry rats exhibit altered behavior to mechanical touch and sharp force. Because patients report pain as one of the most debilitating disease symptoms, we next determined if Fabry rats compared with WT rats exhibited response differences to somatosensory stimuli. Male and female rats were longitudinally subjected to 3 established behavioral assays to measure sensitivity to mechanical touch (von Frey up-down test), sharp noxious force (needle test), and cold (dry ice test) (17) (18) (19) (20) (21) . These tests were performed at 7 different time points from weaning to 1 year of age. Additionally, 1-year-old rats were subjected to the Hargreaves test to assess heat sensitivity (22) .
To measure behavioral differences to mechanical touch, von Frey filaments were applied to the plantar surface of the hind paws in order to determine the 50% withdrawal thresholds. KO males had overall decreased withdrawal thresholds, most prominent at 51 weeks ( Figure 8A , top). Significant decreases in withdrawal thresholds were detected in aged KO females, also with the greatest decrease observed at 51 weeks ( Figure 8A, bottom) . No significant differences in withdrawal thresholds were detected between WT and HET females. These findings indicate that KO male and female rats have increased sensitivity to tactile stimuli compared with WT controls, as judged by decreased paw withdrawal thresholds.
Rat hind paws were also probed with a spinal needle to measure differences in response to noxious pin prick. No difference in response (e.g., paw stomping, lifting, or licking) frequency was observed in male or female rats at 4 and 6 weeks ( Figure 8B ). As the males aged, the KO rats had increased response frequencies at 10, 25, and 51 weeks, reflecting increased response to painful force ( Figure 8B, top) . Similarly, female KO rats showed increased needle response frequencies at older ages, which were significant at 12, 38, and 51 weeks (Figure 8B, bottom) . When the responses are represented by category, aging KO males and females had more hyperalgesic responses (e.g., sustained elevation and licking the paw) in the needle test ( Figure  8C , orange and red categories, Supplemental Table 2 ). Thus, both KO male and female aging rats are more sensitive to a painful mechanical pin prick as compared with WT controls.
Next, we performed thermal assays to assess sensitivity to cold and heat, as patients are known to exhibit cold and warm hyposensitivity (23, 24) . Compared with WT, neither male nor female Fabry rats showed statistical differences in dry ice reaction latency at any of the ages studied (4-51 weeks) (Supplemental Figure 7A ). However, there was a trend toward increased dry ice reaction latency (i.e., cold hyposensitivity) in 51-week-old KO male rats. Aged rats (52 weeks) also showed no behavioral differences to a radiant heat source (Supplemental Figure 7B) . Therefore, under our experimental conditions, we did not detect impaired thermal perception in Fabry rats. However, it remains possible that cold and warm hyposensitivity may develop in rats greater than 1 year, as this seems to be the trend in 1-year-old rats (Supplemental Figure 7A) . Nevertheless, the presence of mechanical sensitivity with the absence of thermal sensitivity at younger rat ages suggests that mechanical allodynia is an important phenotype to further study, as this may lead to the development of better Fabry pain treatments.
Fabry rat neurons are sensitized to focal mechanical stimulation. The morphological differences in DRG neurons, together with the behavioral data demonstrating that Fabry rats display mechanical sensitization, compelled us to next ask whether KO sensory neurons themselves would be sensitized to direct mechanical probing of the soma membrane. To test this, we utilized whole cell patch clamp recordings together with focal mechanical stimulation of the cell body ( Figure 9A) . Here, the soma membrane is Tables 3 and 4 for the precise number of animals studied at each time point. Two-way ANOVA was performed on A and B to determine the overall genotype effect, and the significance is shown to the right of each legend. To determine genotype differences at each time point studied, multiple comparisons with Bonferroni's correction were performed. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. used as a model of the peripheral terminal membrane. Given that sensory neuron somata with smaller diameters seemed to be most affected (Figures 6 and 7) , we were especially interested in testing these sensory neurons. Thus, we chose to patch neurons that were 32 μm or less in diameter, as these generally correspond to somata of C and Aδ nociceptors (25) . Furthermore, we chose to use lumbar DRG from ~20-week-old male rats, ages at which we observed mechanical hypersensitivity ( Figure 8A ).
To determine if KO neurons were sensitized to force, we probed the neurons with 8 indentations, increasing in distance by ~0.84 μm with each step. We measured the neuron current and normalized to cell capacitance in order to correct for neuron size differences. The resulting current density (peak current divided by cell capacitance) in response to incremental mechanical probing was significantly larger in KO neurons than in WT neurons ( Figure 9B ), meaning that KO neurons are more responsive to incremental mechanical stimulation. Furthermore, we found that the KO neurons exhibited their first (G) For whole cell patch clamping, the goal is to first form a giga-ohm (GΩ) seal between the cell and patch pipette before breaking into the cell. Neuron fragility was judged on whether the patch pipette automatically broke into the cell rather than first forming the GΩ seal. Data were compared with χ 2 and Fisher's exact tests. (H) Resting membrane potentials are plotted for both WT and KO neurons, and means were compared with an unpaired, 2-tailed t test. (I) Rheobase, which is the amount of current required to elicit the first action potential, is plotted for both WT and KO and were compared with a Mann-Whitney test. B, D, and H show mean ± SEM. Sensory neurons were cultured from 3 WT and 3 KO rats ranging from 19-21 weeks of age. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 mechanically activated currents with significantly smaller indentations than the WT neurons ( Figure  9C ), suggesting a decreased mechanical threshold. Moreover, the KO neuron capacitance was significantly increased compared with WT, indicating that KO somata can hold greater charge than WT somata ( Figure 9D ). This is likely because the patched KO cells were larger (29.7 ± 0.3 μm) than WT (28.4 ± 0.4 μm) (mean ± SEM), presumably as a result of inclusion-laden somata, a finding consistent with the overall increased size of cultured KO somata vs. WT ( Figure 6D ). Because capacitance was used to normalize current magnitudes as current density (Figure 9B ), the statistical increase in KO capacitance highlights the convincing differences in current density between KO and WT neurons.
To further characterize the functional changes that might occur in KO DRG, we studied the current kinetics in somata. When sensory neurons are mechanically probed, mechanically activated inward currents are elicited, and these can be categorized into 3 subgroups based on their decay kinetics parameters (τ-value). Figure 9E shows 3 typical current examples. Mechanically activated currents were categorized as rapidly adapting (0 < τ < 10 ms), intermediately adapting (10 ≤ τ ≤ 30 ms), slowly adapting (τ > 30 ms), or mechanically insensitive (no current above 20 pA elicited with at least 4 stimulations) (26, 27) . Analyses of these data showed that proportions of the mechanically activated currents were not significantly different between genotypes ( Figure 9F) .
Further, we observed that the KO neurons were automatically patched (i.e., patched without the initial giga-ohm [GΩ] seal formation) at a greater frequency than WT neurons ( Figure 9G) . Thus, the KO neuron membranes may be more fragile than WT. We also assessed neuronal excitability as a control by measuring antagonist, HC-030031, or vehicle (n = 4 each group, 16 total rats). An 8.8 g von Frey filament was applied repeatedly to the hind paw, and the response frequency was determined. Significance was determined using 2-way ANOVA and Bonferroni's post-hoc test. (E) Same as in D, but a needle was applied repeated to the hind paw, and the response frequency was determined. Mean ± SEM are represented in D and E. *P < 0.05, **P < 0.01, ****P < 0.0001.
resting membrane potential and rheobase, the amount of current required to elicit the first action potential. Neither parameter was different between genotypes ( Figure 9, H and I) . Overall, these data correlate well with the behavior data (Figure 8 ), which demonstrate that sensory neurons play a role in the mechanical sensitivity observed in Fabry disease and support the argument that the pain observed in Fabry disease, at least in part, is peripherally driven.
TRPA1 mediates the mechanical sensitization in Fabry rats. We sought to determine a molecular basis for the increased mechanical sensitivity seen in Fabry rats (Figure 8 ) and patch clamp experiments (Figure 9 ). Because TRPA1 has been shown to be necessary for the full expression of mechanical responses in noninjured tissue (28) (29) (30) (31) (32) (33) (34) , and because TRPA1 has been shown to be integral to mechanical sensitization in acute and chronic inflammation, nerve injury, and diabetic neuropathy (35-39), we asked whether TRPA1 sensitization contributes to the mechanical hypersensitivity in Fabry disease. Calcium imaging experiments were performed with a moderate dose of allyl isothiocyanate (mustard oil), an established TRPA1 agonist, and neurons were classified as mustard oil responsive or nonresponsive ( Figure 10A , blue lines and black lines, respectively). Compared with WT neurons, a statistically larger proportion of small-and large-diameter KO neurons were responsive to mustard oil ( Figure 10B ), indicating that TRPA1 is sensitized in KO neurons. We also examined responses to a relative of TRPA1, transient receptor potential vanilloid 1 (TRPV1), a heat receptor that is coexpressed with TRPA1 on many sensory neurons and is involved in mechanical sensitization in some types of injury and disease (40) (41) (42) (43) (44) . Responses to capsaicin, a TRPV1 agonist, were unaltered ( Figure 10C ). Together, these data indicate that TRPA1 sensitization is specific and not likely a result of global ion channel sensitization in KO neurons.
To determine whether TRPA1 mediates the mechanical sensitization in Fabry disease, we performed mechanical and noxious behavioral experiments with intraplantar injection of an established TRPA1 antagonist, HC-030031 (30, 36, 45) . Responses to a repeated supratheshold tactile stimuli were tested 1 hour after antagonist or vehicle injection by applying an 8.8 g von Frey filament 10 times to the plantar hindpaw and quantifying the frequency of withdrawal responses. Consistent with the results shown in Figure 8 , a significant increase in response frequency to suprathreshold stimuli ( Figure 10D ) and noxious force ( Figure  10E ) was observed in vehicle-injected KO rats compared with WT rats. Injection of the TRPA1 antagonist rescued the mechanical hypersensitivity experienced by the KO animals such that their response frequency was no longer statistically different than vehicle-injected WT animals ( Figure 10D ). Similar findings were observed in a noxious needle test, where HC-030031 decreased the sensitization in KO rats compared with vehicle (P = 0.06) ( Figure 10E ). Taken together, these data show that antagonism of TRPA1 reversed the sensitized responses seen in KO rats and suggest that TRPA1 may be a therapeutic target in treating the neuropathic pain observed in Fabry disease.
Discussion
Fabry disease was once thought to be exceptionally rare (46) , but recent newborn screening efforts have found incidences ranging from 1:3,000 to 1:10,000 (47) (48) (49) . These new findings highlight that Fabry disease is significantly underdiagnosed. As Fabry disease is now being added to newborn screening panels in several locations, the number of identified patients is expected to increase greatly. Although α-Gal A replacement therapy has been available since the early 2000s (50, 51) , it is limited by its extreme cost and serious risk of deleterious immune reactions (52) (53) (54) . Furthermore, enzyme replacement therapy is not effective in some patients, such as those with advanced end-stage organ disease and multiple comorbidities (55), and does not completely alleviate the neuropathic pain. Because pain studies in Fabry mouse models have been conflicting and few in number, our goal was to generate a larger, nonmouse animal model. Here, we show that α-Gal A-deficient male and female rats store α-galactosyl GSLs in all tissues examined and manifest symptoms similar to those seen in Fabry patients, such as altered touch and pain detection. We discovered that Fabry rat sensory neurons are swollen and inclusion laden, and their mechanical currents are sensitized, implying that primary sensory neurons are key targets to treat Fabry disease pain. Furthermore, we found that the TRPA1 channel is sensitized in Fabry rat sensory neurons, and we show that TRPA1 antagonism is a promising therapeutic avenue for Fabry disease.
Pediatric and adult patients with Fabry disease (~40% females, 60%-70% males) experience burning, stabbing, or shooting pain symptoms (4, (56) (57) (58) , suggesting that their pain is neuropathic in nature. Patients mostly experience evoked pain in terms of allodynia (pain to a normally nonpainful stimulus), but many experience chronic pain, crises, and pain attacks that are intensified with exercise, heat, and fever (4, 59). Neuropathic pain is often described as the most debilitating symptom of Fabry disease and one that begins the earliest in life (60) . While the pain is intense in childhood, it may partially subside as patients age, but many adults still suffer from a significant amount of pain (4) . In addition to enzyme replacement therapy, Fabry disease pain is currently treated by a variety of medications, including anticonvulsants, tricyclic antidepressants, serotonin-norepinephrine reuptake inhibitors, nonsteroidal anti-inflammatory drugs, and opioids (58) . However, many of these drugs have serious side effects, and opioids are notoriously known to lead to dependency and addiction, as seen in the current opioid epidemic. Therefore, animal models that recapitulate patient phenotypes, such as the Fabry rat model, are crucial for the development of better therapies to treat the neuropathic pain experienced by these patients.
Somatosensory phenotypes have been examined in Fabry mice, resulting in a range of observations and interpretations (8, 9, 61, 62) . In a recent study, Üçeyler et al. robustly characterized behavioral phenotypes in Fabry mice from 2-27 months and used extensively backcrossed WT controls (10) . Consistent with our results, the authors found mechanical hypersensitivity in KO males and females. However, this study and several other reports required very large numbers of Fabry mice to achieve statistical significance in behavioral experiments. In our longitudinal study of rats from 4-51 weeks, we found that both KO male and female rats develop hypersensitivity to mechanical touch and noxious force with increasing age ( Figure  8 ). Advantages of our somatosensory studies in the Fabry rat include the assessment of all 5 genotypes (including HET females), comparison with littermate WT controls, and the need for relatively few animals per group (n = 4-8) to achieve statistical significance. Thus, the rat model will be useful in advancing Fabry disease neuropathic pain research and in clarifying previous mouse studies.
Previous patch clamp studies with DRG neurons from Fabry mice have focused on changes in voltage-gated sodium, potassium, and calcium channels, but not on mechanical sensitivity or mechanotransduction ion channels (63, 64) . This is despite the fact that mechanical allodynia is a prevalent symptom in patients with Fabry disease (24) . To our knowledge, our report is the first study to demonstrate that sensitization of the sensory neuron cell membrane to mechanical probing, as observed by both decreased mechanical thresholds and amplified mechanically activated currents (Figure 9 ), plays a role in the mechanical hypersensitivity observed in Fabry disease. We also evaluated the function of TRPA1, which has been shown to contribute to mechanical responses in serving as an amplifier of mechanical stimuli under noninjury conditions (29, (31) (32) (33) . Furthermore, TRPA1 has also been shown to be integral to mechanical sensitization in pain-related disorders stemming from peripheral inflammation, neuropathic pain, and diabetic neuropathy (35) (36) (37) (38) . Importantly, TRPA1 does not appear to underlie the baseline, protective mechanical nociception in these disorders, but its inhibition alleviates the sensitized aspect of mechanical pain (35) . We showed that TRPA1 is sensitized in Fabry rat sensory neurons and that blocking this channel decreases the mechanical and noxious hypersensitivity in Fabry rats ( Figure 10 ). These results demonstrate that TRPA1 is a potential novel candidate target for developing nonopioid therapies for the neuropathic pain of Fabry disease.
The mechanisms driving Fabry disease neuropathic pain are undeniably complex and are only now beginning to be explored. We identified that TRPA1 plays a role in Fabry rat mechanical sensitization, but what causes TRPA1 sensitization in α-Gal A-deficient sensory neurons? Three potential contributors to TRPA1 ion channel sensitization and/or neuropathic pain in the context of Fabry disease include: (i) GSL accumulation, (ii) N-glycan alterations, and (iii) physical forces. All of these contributors are non-mutually exclusive.
First, GSL accumulation within sensory neurons likely contributes to Fabry disease pain. Growing evidence supports that lipids modulate the function of ion channels involved in mechanotransduction (65) (66) (67) , and Sághy et al. recently reported that lipid rafts and sphingomyelin alter the calcium gating properties of TRPA1 channels (68) . In the context of Fabry disease, one study found that exogenously applied lyso-Gb3 evoked increased cytoplasmic calcium levels in WT mouse sensory neurons, although the GSL specificity of this response remains to be determined (64) . We show that Fabry sensory neurons exhibit dramatic increases in the storage of Gb3 and lyso-Gb3 species (Figure 4) , which could impact the function of ion channels within these neurons. In addition to intrinsic storage, it is also reasonable to hypothesize that circulating factors could further sensitize sensory neuron ion channels at the DRG soma level. Because the DRG have large endothelial fenestrations and a rich capillary bed that vascularize the DRG (69), substances in blood, such as Gb3 or lyso-Gb3, may readily have access to the cell bodies within the DRG. Additionally, the DRG in Fabry patients are enlarged and have dysfunctional vascular perfusion (70, 71) , further supporting that the DRG may be a key pathophysiological site for the development of pain in Fabry disease.
Second, N-glycan alterations of cell-surface proteins, such as TRPA1, may contribute to neuropathic pain. In Fabry rat DRG, we found decreases in hybrid N-glycans carrying sulfate and sialic acid groups ( Figure 5 ). It is possible that these molecular changes in DRG glycoproteins contribute to the neuropathic pain of Fabry disease. Several studies have shown that N-glycans are critical in regulating TRP channel functions (72) (73) (74) (75) , including those of TRPA1. Future studies are needed to determine if TRPA1 in Fabry rat sensory neurons has altered N-glycosylation. Our studies, however, identify that -in addition to Gb3 storage driving neuron hypersensitivity -N-glycan changes may also play a role in Fabry disease pain. If true, this knowledge may lead to the development of novel treatments that correct the glycoprotein disturbance, potentially by injecting therapeutics directly into the DRG.
Third, in addition to the biochemical alterations mentioned above, the development of pain may be a result of physical forces within the DRG. It has been shown that DRG are enlarged in patients with Fabry disease (70) . Our Fabry rat studies show that DRG sensory somata are also enlarged ( Figure 6 ) and are sensitized to mechanical forces at the soma level ( Figure 9 ). These findings point to another potential explanation of chronic pain in Fabry disease: the swollen sensory neurons place pressure on one another in the confined DRG space and may lead to spontaneous action potential firing. Other studies point to another possible mechanism in which soma swelling alters the tension of the plasma membrane bilayer on embedded mechanotransduction ion channels, resulting in enhanced response to force (76, 77) . Similarly, membrane fluidity alterations may contribute to Fabry disease pain, as we found that the cell membrane may be more fragile in Fabry rat sensory neurons ( Figure 9G ). Clearly, more work is needed to elucidate how α-Gal A deficiency leads to mechanical pain, but these studies provide suggestions for future investigations of Fabry rat DRG function and physiology.
In summary, we generated a new Fabry disease animal model that mimics the GSL storage and neuropathic pain symptoms observed in patients. We showed that Fabry rat sensory neurons are sensitized to mechanical stimulation of the soma membrane. Finally, we identified that the ion channel, TRPA1, which serves as an amplifier of mechanical stimuli in other pain disorders and diseases, is sensitized in Fabry rat sensory neurons and is a promising drug target for treating Fabry disease pain. We focused our initial Fabry rat studies on somatosensory phenotypes and mechanisms, as neuropathic pain greatly contributes to the overall decreased quality of life in Fabry patients. Studies are underway to characterize other Fabry rat phenotypes seen in patients, including renal, cardiac, and cerebrovascular diseases. We anticipate that this rat model will be highly valuable in defining the complex pathophysiology of Fabry disease and will be helpful in evaluating novel therapeutics in treating disease symptoms such as chronic pain.
Methods
Animals. Female and male DA rats were acquired from Taconic Biosciences Inc. (DA/MolTac) and were used to generate α-Gal A-deficient rats (see below). Rats were maintained on a 12-hour light/dark cycle and were provided with standard laboratory chow (Purina, diet 5001) and drinking water ad libitum.
Generation of Gla-KO rat model. DA-Gla em2Mcwi (Rat Genome Database ID, 10054398; http://rgd.mcw. edu/rgdweb/report/strain/main.html?id=10054398) rats were generated using CRISPR/Cas9 technology by disrupting the rat Gla gene (GenBank accession number NM_001108820.3). The CRISPR gRNA target site with PAM sequence (5′ -GCCCTTTGAATCCCTCTCGG -3′) was cloned into the pX330-U6-Chimeric_BB-CBh-hSpCas9 dual expression plasmid, which was provided by Feng Zhang (the Broad Institute of MIT and Harvard University, Cambridge, Massachusetts, USA) (Addgene plasmid 42230) (78) . Embryo injections were performed as previously described (79) . Briefly, DA rat embryos were generated and collected by superovulation of DA females and mating with DA stud males. The CRISPR plasmid was diluted to 5 ng/μl in buffer (10 mM Tris-HCl, 0.1 mM EDTA, pH 7.5, sterile filtered; MilliporeSigma) and was injected into newly fertilized embryo pronuclei. On the same day as the microinjections, healthy-appearing embryos were transferred into pseudopregnant Sprague Dawley female rats from Charles River Laboratories (SD/CRL).
Ear biopsy was collected from founder (F 0 ) generation pups at 10-16 days after parturition, and DNA was extracted for PCR amplification of the target site using primers: Forward 5′-CCTAGAGGATTCAGT-GTTTTCAGTAAG-3′ and reverse 5′-TCAGTGAGCAACTGTTCATGCA-3′. A CEL I-based mutation detection method was used to screen for positive founders (79) . Briefly, PCR products were cloned using the TOPO-TA cloning kit (Invitrogen), and individual plasmid clones were sequenced to determine the mutation. A founder male was identified that had a 47-bp frameshift deletion in exon 2 (Rat Genome Sequencing Consortium Rnor 5.0 (https://www.hgsc.bcm.edu/other-mammals/rat-genome-project), chrX: 105,301,986-105,302,032: 5′ -CCTCTCGGGAGCCATCCAGCAGTCATCTATGCAGAGGTAT-TCATAAC -3′). To eliminate any potential off-target events, the founder male was backcrossed to the parental strain. The resulting HET females were crossed with WT DA males to produce WT (Gla ) female experimental rats. HET females and KO males were crossed to produce homozygous (KO, Gla -/-) females. Using the method developed for simple sequence length polymorphism genotyping (80) , all experimental animals were genotyped using fluorescently labeled M13 tagged primers.
Enzyme activity assays. Lysosomal enzyme activities were assayed as previously described (81-83). Minor modifications are described in the Supplemental Methods.
Nomenclature. Graphical representations of monosaccharide residues are as shown in the boxed legends for Figure 1 , Figure 5 , and Supplemental Figure 3 and are consistent with the Symbol Nomenclature for Glycans (SNFG), which has been broadly adopted by the glycomics community (84) .
Isolation of GSLs and TLC. The GSL isolation and TLC procedures were as previously described (85) (86) (87) . Modifications are described in the Supplemental Methods.
MS of GSLs and glycoprotein glycans. The preparation of GSLs and glycoprotein glycans for quantitative MS was performed as described previously, and the relevant method details are presented in the Supplemental Methods (87, 88) . Intact GSLs and released glycoprotein glycans were permethylated with 12 C-methyliodide prior to MS analysis according to the method of Anumula and Taylor (89) . Known amounts of a maltotetraose oligosaccharide (Dp4) were permethylated with 13 C-methyliodide for use as reference standards for GSL and glycoprotein glycan quantification (88) . Permethylated GSLs were analyzed from multiple biological replicates for serum, RBC, DRG, and brain tissue (n = 3 for WT and n = 3 for KO). For all samples, GSLs were characterized by MS and by TLC. N-glycans were released from rat glycoproteins by PNGase F digestion and permethylated and quantified as described previously and as detailed in the Supplemental Methods (90) . Permethylated N-glycans were analyzed by NSI-MS in positive ion mode and quantified relative to a known amount of external standard (Dp4, permethylated with heavy methyliodide) supplemented into the sample prior to injection. For the characterization of sulfated N-glycans, total ion mapping profiles were filtered with neutral loss of sulfate group (91) . N-glycan structures carrying the sulfate group were further subjected to manual MS n analysis for complete structural determination. The MS-based glycomics data generated in these analyses and the associated annotations are presented in accordance with the MIRAGE standards and the Athens Guidelines, which include explicit descriptions of instrument settings, fragmentation strategies, and quantification parameters (92, 93) .
Optimization of lyso-GSL analysis. The free amino group in the sphingoid base of lyso-GSLs significantly suppresses ionization in the mass spectrometer, thereby decreasing detection sensitivity. Permethylation of molecules with a free amino group results in the formation of quaternary ammonium salts that suppress ionization. To circumvent this problem, we developed an improved approach for the structural assignment of lyso-GSL species using a 1-step chemical reaction that results in N-acetylation of the sphingoid base (see Supplemental Methods).
Histology, IHC, and transmission electron microscopy. Tissues were immediately removed from euthanized rats and fixed in 10% (v/v) neutral buffered formalin (Thermo Fisher Scientific) for 24-72 hours. After fixation, tissues were dehydrated through graded ethanol (Decon Laboratories), cleared with xylene (Leica Biosystems), and paraffin (Sakura) infiltrated and embedded. Tissue blocks were cut into 4-μm sections and mounted on poly-L-lysine-coated slides (Thermo Fisher Scientific). Slides were antigen retrieved and stained using standard labeled streptavidin-biotin detection. Biotinylated Griffonia simplicifolia IB4 (Vector Laboratories, B-1205, 5 μg/ml) followed by incubation with streptavidin-HRP and 3,3'-diaminobenzidine (Dako) was used to detect α-galactosyl glycoconjugates. Lectin specificity was demonstrated by applying IB4 in the presence of 500 mM galactose (MilliporeSigma) prior to staining protocol. High-resolution images were obtained with a Hamamatsu NanoZoomer 2.0-HT digital slide scanner.
Electron microscopy studies were conducted on lumbar DRG (L1) that were rapidly removed and placed into fixative (0.1 M sodium cacodylate buffer containing 2% [v/v] 
